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ABSTRACT		
 
Inkjet printing onto laminates for use in high frequency applications (high frequency laminates) 
is challenging, due to the substrate surface roughness present after etching away the copper 
layer(s). This has a detrimental effect on interconnect losses as the frequency increases. In this 
paper, different surface treatments to reduce the surface roughness of a typical high frequency 
laminate (RO3006) are investigated. In particular, the importance of matching the substrate 
surface energy to the ink to achieve a smooth coated layer for the case of a UV cured insulator is 
demonstrated. This is achievable within the parameters of heating the platen, which is a more 
flexible approach compared to modifying the ink to improve the ink-substrate interaction. In 
printing onto the surface modified substrates, the substrate roughness was observed to affect the 
printed line width significantly. A surface roughness factor was introduced to take into account 
the phenomenon by modifying the original formula of Smith et al.1 Lastly, the authors show that 
the printed line widths are also influenced by the surface tension arising from charges present on 
the surface modified substrates.  
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1. INTRODUCTION	
 
The emergence of wireless technology with consumer electronics has made wearable electronics 
increasingly pervasive in everyday life. Applications include health and physiological 
monitoring of the wearer (e.g. patients, athletes), through the enabling of wireless sensors. 
Another potential area is in military operations. For instance, body worn antennas operating on a 
wireless network would facilitate the communication between army personnel within patrol or 
other operational environments. Compared to traditional or mounted electronic devices, the key 
advantages include reduced weight, improved mobility and user comfort. Of late, there has also 
been a rising interest in millimeter-wave (60-GHz) wireless body area networks (WBAN), due to 
concerns over security of data transfer using the current frequency bands. Additional 
requirements for wearable electronics are flexibility and the ability to withstand washing.2 From 
an electrical perspective, wearable electronics with low resistance are crucial for good 
performance,3 as this translates to low interconnect losses at higher frequencies.  
Wireless sensors can be designed on a variety of substrates,4-6 according to the specific 
applications. In addition, previous work has identified several printing techniques which have 
the potential to be used in wearable electronics, such as the use of conductive threads and 
fabrics.6-9   The main drawback of using conductive threads is due to the minimum dimension 
achievable (1-1.5 mm).10 Furthermore, embroidered transmission lines were found to incur large 
losses which reduce the usable frequency range. Likewise, the plating thickness of conductive 
fabrics was found to be restricted to several hundred nanometers,11 in order to maintain textile 
properties. The ensuing implication of using conductive fabrics lies in the significant losses 
arising at higher frequencies due to the skin effect phenomenon. Other potential techniques for 
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printing interconnects include screen printing,2,6 and inkjet printing.12 In particular, inkjet 
printing is an attractive method since it is an additive process which reduces the amount of waste 
generated, compared to the conventional printed circuit board (PCB) processes or screen 
printing. Furthermore, inkjet printing is appealing in terms of realizing low cost prototypes, 
compared to screen printing where stencils are required.  
This paper seeks to investigate inkjet printing for high frequency wearable electronics 
applications. In this paper, a flexible laminate for use in high frequency applications (high 
frequency laminate) comprising of polytetrafluoroethylene (PTFE) composite material is 
considered (RO3006, Rogers Corporation). Furthermore its dielectric properties (Dielectric 
constant = 6.15 ± 0.15, loss tangent = 0.002) are well characterized up to 40 GHz.13 RO3006 is 
used in this study as it has the potential to be a substrate platform for high frequency wearable 
electronics.14 This is due to its broadband dielectric properties, and to the fact that RO3006 is a 
relatively soft substrate compared to FR45, a glass-reinforced epoxy laminate commonly used to 
produce rigid PCBs. FR4 laminates are comprised of a woven mesh of glass fibre filled with 
organic fillers, and many variations of FR4 laminates are available depending on the type of 
filler used (epoxy). In contrast to FR4 laminates, the resulting substrate flexibility of RO3006 
from its PTFE-based properties makes it viable for use in wearable devices. 
A common challenge in inkjet printing onto RO3006 and other copper-cladded laminates lies 
in the substrate roughness after etching away the top metal layer, leaving copper dendrite 
imprints on the etched substrates. The degree of substrate roughness present on the substrates is a 
trade-off for good adhesion of the cladded copper to the laminate. In considering inkjet printing 
for high frequency wearable electronics, significant substrate roughness would increase the 
printed interconnect losses at higher frequencies, due to the skin depth effect. While authors have 
considered inkjet printing to realize antennas on paper at higher frequencies,15 the substrate 
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surface roughness and its effect on interconnect losses have not been investigated. The rough 
surface profile of RO3006 (Figure 1) has necessitated the investigation of a suitable surface 
treatment technique to overcome the surface roughness of the substrate. The substrate 
topography of RO3006 resulted in the ink being absorbed into the pores, and the trace profile 
taking on the profile of the substrate.16 
The effect of substrate roughness is particularly significant due to the slight metal thickness 
achievable for a single inkjet printed layer (typically < 1 µm). There is little literature addressing 
this issue in inkjet printing, as most researchers consider substrates with relatively smooth 
surfaces for the printing.1,17-19 Others have tried to alleviate the problem by interacting with the 
supplier to obtain substrates with a more favorable topography.12  This was achieved by 
purchasing substrates with minimal copper layer roughness, such that the copper cladding could 
be removed manually.12 This resulted in substrates with reduced surface roughness. 
Nevertheless, the supply of a customized substrate may increase the overall cost of 
manufacturing. Sridhar et al. also considered a plasma etching process to modify the surface of a 
high frequency substrate,20 through a design of experiment (DoE) approach to vary the plasma 
etching parameters. However, the focus of their work in modifying the substrate surface 
characteristics was to improve the adhesion between the metal traces and the substrate.20 
Consequently substrate surfaces which were sufficiently rough, with sufficiently high surface 
energies were preferable.20 In contrast, the aim of this paper is to achieve lower surface 
roughness for a typical high frequency laminate intended for the inkjet printing process, with the 
goal of improving the interconnect losses at higher frequencies. Specifically, this paper seeks to 
investigate suitable surface modification techniques to achieve the aim. 
 6
2.	MATERIALS		
	
This section describes the materials used in the inkjet printing process, and for the various 
substrate modifications. 
2.1. Ink Solution. Two types of nanoparticle-based conductive silver ink were selected to be 
used with a Dimatix inkjet printer. The first comprises of 30-35 wt % silver (DGP 40LT-15C, 
Advanced Nano Products), with a surface tension of 35-38 mN/m. The second ink is a 
composition of 20 wt % silver (SunTronic EMD 5603, Sun Chemical), with a surface tension of 
27-31 mN/m. Both of the inks were selected based on their compatibility with the inkjet printer 
and the surface modified substrates. 
2.2. Substrate Modifications. To reduce the substrate roughness, the surface treatments 
considered for RO3006 include: coating with a hydrophobic solution, spin-coating with a SU-8 
dielectric and ink-jetting a UV curable insulator. The results obtained from these surface 
modified substrates were compared with that of untreated RO3006 substrates, in terms of the 
surface roughness and the printed line widths obtainable (Sections 4.3 and 4.4).  
The hydrophobic coating considered was a 2 wt. % fluorochemical acrylate polymer based in a 
hydrofluoroether solvent (EGC-1700, 3M Novec Electronic Coating). After application, the 
coating dries to a transparent film with a thickness of around 1 µm (by dip-coating), with a 
surface energy in the range of 11-12 mN/m.21 From Table 1, the measured contact angle of water 
onto the coating is around 134°, and the surface energy of the hydrophobic coating calculated 
using two reference liquids is around 10 mN/m, which agrees well with the value provided in the 
datasheet.21 In this work, the coating was applied by brushing so as to minimize the 
contamination of the solution by the substrate. 
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   SU-8 (an epoxy based photo-resist, MicroChem Corp.) is a dielectric commonly used in silicon 
wafer processing to form passivation layers. In this case, SU-8 is applied to form a planarization 
layer onto RO3006, as illustrated in Figure 2. The application was done by spin-coating, with the 
process parameters based on conventional silicon wafer processing. Details of the process flow 
can be found in Supporting Information, Figure S1. Firstly, 6 ml of the photo-resist was 
dispensed onto RO3006, and the coated substrate was soft baked at 95 ºC for 1.5 minutes. 
Subsequently, the substrate was exposed on a mask aligner using an energy dosage of 250 
mJ/cm2 and post baked at two temperatures, namely 65 ºC for 1.5 minutes, and 95 ºC for 2 
minutes. A final bake was performed on the coated substrate at 115 ºC for 5 minutes. Overall, 
two coats of SU-8 were applied on RO3006, as the first layer was found to be insufficient to coat 
over the substrate surface (Figure 3).  This could be due to the presence of voids and craters in 
the surface arising from copper dendrite imprints (post-etching of the top copper layer). The 
contact angle of water on the SU-8 coating is provided in Table 1, along with its calculated 
surface energy. 
Lastly, an UV curable insulator (Solsys Jettable Insulator EMD 6200, Sun Chemical) was 
applied to the surface of RO3006. The aim of using EMD 6200 is similar to the application of 
SU-8 (Figure 2), except that this dielectric is applied via inkjet printing. EMD 6200 is a research 
sample, with an ink viscosity of 7-9 mPas at 45 °C and a surface tension of 23-27 mN/m.22 At a 
temperature of 25 °C, the ink viscosity is 10-30 mPas with a relative density of 1.02-1.1.23  
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3.	METHODS	
	
This section details the parameters used in the inkjet printing process which includes the 
deposition of the UV curable insulator. In addition, the procedure for the contact angle 
measurements and surface morphology characterizations are described. 
3.1. Contact Angle Measurements. Contact angle measurements involving different liquids 
were performed to ascertain the surface energy of the surface modified substrates as well as the 
ink-substrate interaction. The first involved measuring the contact angles of water (triply 
distilled water) onto the surface modified substrates. In addition, the contact angles of another 
reference liquid (diiodomethane) on the substrates were obtained, following which the surface 
energies of the surface modified substrates could be extracted using the Owen-Wendt-Rable-
Kaelble method,24 as shown in Table 1. These contact angle measurements were performed using 
the Dataphysics OCA 20 instrument (DataPhysics Instruments GmbH, Germany). The droplet 
volumes used in the measurements were 2.0 µl and a minimum of five measurements were 
obtained for each reference liquid on the surface modified substrates. Advancing contact angle 
measurements were also made using Dataphysics OCA 20. The second type of measurements 
was to ascertain the interaction of conductive silver inks with the surface modified substrates. 
This was performed using a Fibro Dat 1100 contact angle tester (Fibro System AB, Sweden), 
where a minimum of three static contact angle  measurements were obtained for each surface 
modified substrate, recorded after 10 s following the droplet deposition. The droplet volumes 
used in the measurements were 4.0 ± 0.5 µl. The measured contact angles of the silver inks with 
the surface modified substrates are shown in Table 2.                                                                                              
3.2. Inkjet Printing. A commercial drop-on-demand mode inkjet printer (DMP 2831, Fujifilm 
Dimatix Inc.) was used for the printing, with a 10 pl print head. The cartridge comprised of 16 
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nozzles. In the printing of conductive inks onto the surface modified substrates, a single jetting 
head with a 5 kHz waveform was used. The inks were jetted out at temperatures of 25 ºC (DGP 
40LT-15C and EMD 5603). The dot spacing was kept at 20 µm and the substrate was heated at 
60 ºC (platen temperature) during printing. The printed tracks were then thermally cured at 180 
ºC for 40 minutes. 
3.3. UV curing. The UV lamp used for the curing of EMD 6200 is a 365 nm LED (PEL365, 
Printed Electronics Limited). Prior to the printing trials described in Table 3, the jetting 
waveform (at 5 kHz) for EMD 6200 was adjusted to minimize satellite drops. In addition, the 
drop velocity for EMD 6200 was tuned to 7 m/s for the jetting process. The ink was jetted at a 
temperature of 45 ºC as recommended in the datasheet. 22 For the curing, a dosage (un-doped 
mercury) of 200-400 mJ/cm2 was recommended for the processing of EMD 6200. 22 The cure 
intensities obtained for levels 1, 2 and 3 using the UV lamp are 831 mJ/cm2, 1359 mJ/cm2 and  
2048 mJ/cm2 respectively, following which a colorless coat was observed after curing. The time 
duration for curing a footprint of 4 x 1 cm2 is around 14 minutes. To obtain a smooth coating, 
several printing trials were considered. These trials were performed to evaluate the effects of 
different curing intensities and platen temperatures. The respective process parameters are shown 
in Table 2.  
3.4. Surface Morphology Characterization. The surface morphology of the modified 
RO3006 substrates were characterized using a non-contact measurement technique, based on the 
confocal point gauge principle (Talysurf CLI 2000, Talyor Hobson).This technique is considered 
to be more suitable for soft substrates, as RO3006 is PTFE-based. The measured area for each 
surface modified substrate was about 6 x 4.5 cm. The measurement range used was 300 µm, with 
a resolution of 10 nm. Evaluation lengths of 3 mm were used for the characterization, with the 
sampling spacing set at 0.5 µm. During the post-processing, a Gaussian filter size cut off of 0.8 
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mm was used, which is the recommended cut-off according to ISO 4288-1996.25  This cut off 
also represents the sampling length, following which an evaluation length of 3 mm yields a 
sample size of 4. The surface roughness was measured at different areas of the substrate, and a 
total of 11 measurements were obtained and averaged. A summary of this characterization 
process is shown in Figure 4. 
4.	RESULTS	AND	DISCUSSION	
 
4.1 Optimization of UV curing for EMD 6200. In Trials 1-3 from Table 3, the effects of the 
platen temperature and curing levels were investigated for a single layer coat. The ink-substrate 
interaction can be better understood through a consideration of the Z number. The Z number is 
the inverse of the Ohnesorge number (Oh), and relates the viscous forces to the inertial and 
surface tension forces. This parameter is used as a dimensionless analysis of the effect of the ink 
properties on the drop formation,26-28 i.e. the printability of a fluid. A difference in the ink 
viscosity results in a change of the Z number and the corresponding droplet volume.29 From 
equation (1):                                
                                   
ܼ ൌ ܱ݄െ1 ൌ ඥߛߩܽߟ 																											 ሺ1ሻ                           
where ,  and  are the surface tension, density and viscosity of EMD 6200, with the respective 
values provided in Section 2.2. a represents the characteristic length, which is defined as the 
nozzle diameter in this case. For a 10 pl cartridge, the nozzle diameter is calculated to be around 
27 µm. At 25 °C, which approximates the platen temperature without heating (room 
temperature), the calculated Oh is 0.75 for an average ink viscosity of 20 mPas (viscosity range 
from 10-30 mPas). The reciprocal Z=1/Oh yields a value of 1.33, which is close to the lower 
bound for stable drop formation, where 1 < Z < 10.30  In contrast, the value of the Z-parameter 
 11
increased to 3.33 at a higher temperature of 45 °C with an ink viscosity of 8 mPas (viscosity 
range from 7-9 mPas).  
  In printing with the platen temperature at room temperature (18-20 °C), the ink was found to 
de-wet upon contact with RO3006, due to a mismatch of the surface energies (Figure 5A). One 
possible way to reduce the de-wetting would be to lower the viscosity of the deposited ink, by 
heating the platen to aid in the degree of spreading.32 From the data in Section 2.2, EMD 6200 is 
observed to have a reduced viscosity of 7-9 mPas at a temperature of 45 °C, compared to a 
viscosity of 10-30 mPas at 25 °C. Consequently, the platen was heated to a maximum 
temperature of 60 °C to increase the mobility of the ink, and improve the ink-substrate 
interaction. From Figure 5B, it can be observed that the de-wetting phenomenon could be 
reduced with platen heating. This is consistent with the works of Gao et al. and Schiaffino et 
al.,33-34 where it was suggested that a printed bead is likely to become unstable under conditions 
of a higher contact angle induced by a lower target temperature and/or contact line freezing 
induced by a lower target temperature as one of the key determinants.33 In their work,33 molten 
droplets were deposited onto a surface with varied temperatures. These solidify upon contact 
with the surface since the target temperature (Tf) is lower than the jetting temperature (Tj). This 
work bears some resemblance to those of Gao et al.,33 in that the ink also undergoes 
solidification (albeit through a photochemical process), and the platen temperature is varied. In 
this case Tj1 < Tf  < Tj2, where Tj1 represents room temperature (18-20 °C) and Tj2 represents a 
platen temperature of 60 °C.  
The de-wetting observed for EMD 6200 at room temperature could also be attributed to the 
surfactant package of the UV curable ink, which affects the ink wettability. From literature, 
Rebros et al. noted that the variation of a surfactant results in a significant change of the contact 
angle.31 From the ink formulation perspective, EMD 6200, being an UV ink (100% solids), has 
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no solvents to be removed. As such, an increased spreading with a lower ink viscosity is aided 
by the relatively faster solidification through UV curing. This is in contrast to solvent-based 
silver inks which require a removal of the solvent contents by evaporation. As the solvent 
contents are reduced, the silver particles are less inclined to wet the substrate surface. On the 
other hand, the results for EMD 6200 suggest that the surfactant package of EMD 6200 promotes 
a wetting of the substrate surface,35  as the mobility of the ink particles increases due to a lower 
ink viscosity. 
Following on the results in Trials 1 and 2, an increase of the curing levels in Trials 3 and 4 
(Table 3) was observed to yield continuous coats. However the surface texture of the coated 
layers were observed to deteriorate with increased cure dosage, i.e the coated dielectric has a 
surface roughness relative to the level of UV energy used (Figure 5C, D). In addition, surface 
defects were visible throughout the coated layers in all 4 cases, which could be due to the low 
ink viscosity, following which any contamination on the surface would provide a locus for the 
de-wetting of the ink. 
It was important to minimize the effects of surface defects, which could result in 
discontinuities of the printed traces. This led to the approach of building up layers of EMD 6200 
by printing a second coat, so as to cover the surface defects. However, the challenge of obtaining 
a smooth coating in this approach lies in optimizing the control of the UV dose. Optimum 
conditions of UV curing were achieved in Trials 5-7. 
In Trial 5, the effect of using an intermediate setting (cure level 2) was studied for a double 
layer coat, which was printed after the in-line curing for the first coat was completed. Compared 
to the first coat, the second coat revealed a visibly rougher surface, which could be due to the 
higher curing dosage at level 2. Similarly, when off-line curing for each of the layers was 
introduced in Trial 6, a visibly rougher surface was observed after the off-line curing of the 
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second coat (Figure 6A, B). This could be due to an over-curing of the layers during UV 
exposure, resulting in an excess hardening of the coated layer.36 The use of a lower curing level 
(level 1) for both coats in Trial 7 was found to significantly improve the final coated surface 
(Figure 6C, D). 
The average surface roughness (Ra) for Trial 7 was 0.52 µm. The coated thickness has a 
slightly concave profile, and the thickness profile characterizations show that the surface of the 
printed dielectric has a non-uniform height, where the height at the edges is higher than the 
height in the center region. The authors suggest that this may be attributed to the coffee stain 
effect,37 where the fluid flows outwards to compensate for the evaporative effect for a pinned 
contact line. Further investigations would be required to better understand this phenomenon. 
4.2. Platen Temperature and Cure Level. In an extension of the results obtained in Section 
4.1, the effects of different platen temperature and cure levels on the coated thickness of EMD 
6200 were investigated. The platen temperature varied from 30-60 ºC, in steps of 10 ºC, while 
the cure levels considered were level 1,1 and 1,2, for the first and second coat respectively. The 
rationale for considering a two stage curing is to under-cure the first layer (cure level 1), 
followed by a curing of both layers simultaneously. The results obtained are shown in Figure 7.   
A few implications can be deduced from the results in Figure 7. Firstly, it was observed that a 
minimum temperature of 30 ºC is sufficient to improve the ink mobility and minimize the de-
wetting phenomenon (Figure 8A, B). From Figure 7, the thicknesses of EMD 6200 are 
comparable when the platen temperature is set at 60 ºC, regardless of the cure levels. At lower 
platen temperatures (40-50 ºC), an increase in the coated thicknesses was observed with a higher 
cure dosage (level 1,2). This phenomenon could be attributed to a reduced coffee stain effect,37 
where a lower platen temperature results in a slower rate of evaporation of the volatiles in the ink 
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prior to UV curing. Combined with a stronger cure level, the ink components would be cured at a 
faster rate.  
Further results in Table 4 also suggest that the cured EMD 6200 is sensitive to the effects of 
heating, resulting in a thicker layer. The table shows the average thickness of EMD 6200 before 
and after thermal curing (150 ºC, 30 minutes). A significant reduction of the thickness by at least 
20% was observed in the post curing stage. As the ink is 100% reactive, this suggests a possible 
shrinkage of the cured matrix. As the matrix is a polymer with some degree of porosity and a 
glass transition temperature, this decrease could be due to the expulsion of air as the polymer 
softens and compacts. In addition, RO3006, being an unreinforced ceramic-filled PTFE material, 
was found to warp after the thermal cure. This was because the substrate was etched to remove 
the top copper layer and was exposed to elevated temperatures. The warpage of RO3006 went 
beyond the upper limit of 106 µm (fine range) when measured with a contact stylus (Talysurf 
CLI 2000, Taylor Hobson). One implication of this substrate warpage would be in the fabrication 
of multi-layer circuits based on inkjet printing, where misalignment issues may arise in 
attempting to align one metal layer with another.  
The surface roughness values for cure levels 1,1 and 1,2 are comparable, with slightly lower 
values obtained for reduced cure levels. The values of Ra range from 0.47-0.52 µm and 0.52-0.67 
µm for cure levels 1,1 and 1,2 respectively. 
4.3. Results of Surface Morphology Characterization. Following the characterization 
procedure in Section 3.4, the results obtained are presented in the form of an error bar plot 
(Figure 9). The values are also listed in the Supporting Information, Table S1. From Figure 9, it 
can be observed that the hydrophobic-coated RO3006 has a mean value comparable to the 
untreated substrate. This suggests that the application of the hydrophobic coating via brushing 
was insufficient to cover surface roughness. One possible factor could be that the hydrophobic 
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layer formed via brushing, was non-uniform in certain sections of the substrate. Furthermore, the 
solids content in the hydrophobic solution was only around 2%, which could have been 
deposited in the pores of the substrate during the coating process. As such, obtaining a thicker 
coat would require either several times of dip-coating (where thicknesses of around 1 µm can be 
obtained through dip-coating),21 or using a hydrophobic coating with a higher solids content. 
Due to concerns of contaminating the sample solution (limited volume) by the substrate, dip-
coating was not used to apply the coating onto RO3006, and it is planned to include the 
suggested applications to obtain a thicker hydrophobic coating in future. 
The application of SU-8 was most effective in alleviating the substrate surface roughness. The 
mean value for the SU-8 coat is lower by at least 70% for Ra, compared to the untreated 
RO3006.  However, printing trials of a simple trace revealed significant de-wetting of the ANP 
ink onto the SU-8 coated substrate, due to an incompatibility of the ink with the substrate. For 
this reason, a corona treatment was applied onto the SU-8 coated substrate (15 kV at a power of 
15W) to modify its surface tension. The measured contact angle after corona treatment was 20°, 
which indicates an increase in the surface energy of the SU-8 coated substrate, with reference to 
Young’s equation.38 After printing, bulges were observed for the traces (Figure 10A). It is 
believed that the bulging of the metal traces on SU-8 could be due to the small drop pitch (20 
µm) used during printing, in which the drops are being placed too close together.39 In addition, 
the change in the surface tension arising from the corona treatment of the substrate (lower 
contact angle) could have possibly resulted in the ink spreading. The trace outlines were 
observed to follow the texture (swirls) on the SU-8 coating (Figure 10B), which suggests an 
uneven coat. The swirls could arise from the SU-8 surface drying much faster compared to the 
inner regions during processing. In addition, substrate bowing may also be a contributing factor 
to the uneven SU-8 coat, since the PTFE-based R03006 is a soft material which was slightly 
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warped in a guillotine cut during sample preparation. An optimization of corona treatment 
parameters would be essential for obtaining the targeted line widths. Prior to that, the spin-
coating parameters would need to be optimized for the particular substrate, to minimize the 
swirls on the coated SU-8 layer. Consequently, improved trace definition could then be obtained 
with inkjet printing. 
4.4 Effect of Substrate Roughness on Printed Line Widths. Wenzel40 considered the effect 
of surface roughness on the contact angle through a roughness factor. Smith et al.1 printed 
conductive tracks onto several substrates, and introduced a simple empirical model relating the 
printed width to the equilibrium contact angle. Nevertheless, data on the substrate surface 
roughness were not available, and it was unclear what their effect on the printed line widths 
were. As a result, the good agreement obtained between the calculated and the printed widths1 
could be due to the negligible surface roughness of the substrates considered (e.g. glass) for 
inkjet printing. The substrate roughness was found to influence the printed line widths 
significantly in this work, and a surface roughness factor was introduced to account for the 
increased line widths.                               
With reference to Figure 11, the surface roughness increases the actual width of a printed 
trace. In this case, the authors consider: 
	
 ݓ1 ൌ ݓ ∗ ݇ ൌ ሺ2ݎ sin ߠሻ݇ 																												 ሺ2ሻ 
where k represents the surface roughness factor, and w represents the width of a trace on a 
smooth surface (of negligible surface roughness). Substituting w1 into the equation by Smith et 
al.,1 we obtain a modified expression for the trace width as shown in equation (3), taking into 
account the surface roughness:          
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The final expression for the actual trace width can be expressed in equation (4) as: 
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where  (in radians) is the contact angle formed by the droplet on the substrate, x is the dot 
spacing and d is the droplet diameter. This equation assumes that the surfaces are of low or 
negligible porosity, as porous surfaces could result in a penetration of the silver nanoparticles 
into the surface.41 The effect of porosity is typically considered in literature for coated substrates 
such as paper,41-44 where the pore size distribution and network structure of the coating layer 
would affect the speed of ink penetration into the pores.42 Much of the literature involving coated 
layers considered dye-based inks,42-44 though Ohlund et al.41 considered the conductivity 
obtained from printing silver based inks onto coated papers.41 
For substrates without coatings, porosity could be considered in terms of the water absorption 
into the substrate according to the IPC-TM-650-2.6.2 test method (i.e. material immersed in 
distilled water at 23 °C for 24 hours).45 Ohlund et al. 41 considered a polyimide film (Kapton HN, 
Dupont) as a nonporous reference substrate in their work, which had a water absorption of 
2.8%.46 Apart from Kapton, Smith et al.1 also considered Teflon, sodalime glass, carbon fiber 
and glass fiber reinforced epoxy compositions for their equation which relates the trace width to 
the contact angle. The corresponding water absorption of these materials were in the range of 
0.01-0.5%.47-48 In this work, the RO3006 substrate has a water absorption of < 0.1%.13 From 
Figures 13-14, the planarization layers (SU-8 coat and EMD 6200 coat) considered in this work 
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were observed to be porous. For the purpose of simplification, these coated surfaces would be 
excluded from consideration using equation (4). 
Test lines of 1 cm length were printed onto the surface modified substrates, as shown in Figure 
12. The printed line widths were subsequently measured using an optical microscope 
(Smartscope Flash 200, Optical Gauging Products), and the best fit values were obtained and 
averaged. These measured values were compared with the calculated values from the empirical 
formula introduced by Smith et al.1 The values are shown in Table 5.  
From equation (4), it can be deduced that finer line widths can be obtained by printing onto a 
high contact angle substrate. This is verified by the lower line width variation observed on the 
hydrophobic coated RO3006 (Table 4) compared to the other surfaces. For the untreated and 
hydrophobic coated RO3006 substrate, a value of 1.2 was used for k to predict the line widths as 
shown in Table 5. This value of k is for a range of Ra ≤ 1 µm. To validate this range, a third 
sample was obtained by applying an abrasive sheet (Grit range P1200, Norton T489) to the 
RO3006 substrate to roughen the surface, where a measured Ra of 0.8 µm was obtained. Test 
lines of 1 cm length were then printed and equation (4) used to predict the line width, for which 
the results are shown in Table 5. A variation of within 10% was observed between the predicted 
and measured line widths. 
The relation between the correction factor and the static contact angle () is further 
investigated as shown in equation (5), where k can be represented as a function of  and w1:                                  
                               
݇ ൌ ݂ ൤൬ ߠሺsinߠሻ2 െ
cos ߠ
sin ߠ൰ݓ1
2൨ 																									 ሺ5ሻ
 
From equation (5), it can be deduced that k would decrease as  increases, since a higher contact 
angle results in a reduced line width. As w1 is in the range of µm, this implies that k would be 
more significantly affected by changes in w (i.e. the w12 parameter) compared to variations in  
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which are in units of radians. From equation (5), a closer match between the measured and 
predicted line width by Smith et al.1 can be observed as  approaches 90° (i.e. k  1). This is 
also graphically represented in Figure 15 which shows the correlation of the measured static 
contact angle against the predicted line widths, with and without the factor k. 
4.5 Effect of Printing Silver Inks onto EMD 6200. In printing the test line onto double-
coated EMD 6200 using EMD 5603, partial de-wetting was found to occur at a platen 
temperature of 60 ºC (Figure 12D). Bulges were observed for the printed trace, which occurred 
at regular intervals.17,49 The width of the connecting ridge between adjacent bulges was reduced 
from an initial 60 µm (printed width) to 10 µm. In some line sections, breaks in the connecting 
ridges were observed (Figure 12D). This line thinning down to 10 µm could be attributed to the 
pumping of the ink from the ridge to the bulge arising from a pressure difference.17 In addition, it 
could be due to the fine dimensions being considered for printing. In particular, the width of the 
ridge was observed to be smaller than the diameter of single printed drops on the substrate (as 
shown in Figure 16), which had diameters of around 30 µm. Compared to the calculated drop 
diameter of 26.7 µm from a 10 pl print head, this suggests that negligible spreading (i.e. de-
wetting) of the conductive ink had occurred. This was also verified using contact angle 
calculations in equation (6). While the measured contact angle of the ink-substrate was 45 ± 5º 
(at room temperature), the printed drops were observed at a platen temperature of 60 ºC. The 
corresponding contact angle for the printed drops calculated using equation (6) was around 102 
ºC,17 where:     
                                 
ܾ0
ܦ ൌ ቆ
4 ݏ݅݊3 ߠ
ሺ1 െ cos ߠሻ2ሺ2 ൅ cos ߠሻቇ
1/3
																										 ሺ6ሻ
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In equation (6), b0 is the width of a drop on the substrate, D is the diameter of the droplet and  
is the contact angle. This significant increase in contact angle suggests a minimal spreading of 
the printed droplets.  
As observed in Figure 17, an initial trace outline was observed after printing, which 
subsequently shrunk to that defined by the metal trace. This de-wetting phenomenon was also 
investigated using dynamic contact angle measurements. The static and advancing contact angles 
of acetone onto the double-coated EMD 6200 were measured, as the surface tension of acetone 
was found to be close to that of EMD 5603  (25.2 mN/m  at 20 ºC).  The measured results are 
shown in Table 6. From Table 6, the static contact angle () was found to be close to the 
advancing contact angle (a), which is near the boundary condition for an unstable line (i.e.  > 
a).17,50 Another factor contributing to the line instability could be due to the movement of the 
contact line during the drying process, as the substrate is heated by the platen below with a 
temperature of 60 ºC.18,33-34 Unlike the UV-curable ink (EMD 6200), as EMD 5603 becomes 
more mobile, the surfactant package of the ink results in the silver nanoparticles being less likely 
to wet the surface as the solvent is removed.35 
In addition, the charging of the surface during the UV exposure could be another possible 
factor for the de-wetting observed. The charging of the dielectric layer could vary according to 
the curing system used, where the extent of curing (e.g. curing depth) may differ compared to 
another system. Furthermore, there is a possibility of a degradation of the LED used in the UV 
curing, resulting in an uncertainty of the curing dosage and thus the extent of the dielectric cured 
during printing.  
One possible way of alleviating the de-wetting phenomenon could be to use a conductive ink 
with a higher concentration or viscosity.51 In this case, the DGP 40LT-15C ink (30-35% solid 
content) was used for printing onto EMD 6200. While no de-wetting was observed, the metal 
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trace formed was found to deposit beneath the UV dielectric, and no resistance values could be 
measured. This could possibly arise from an incompatibility of the solvents in the silver ink with 
EMD 6200, in which the solvent could be partially dissolving the film and providing a path to 
the base of the insulator. Further investigations would be required to understand this 
phenomenon. 
5.	CONCLUSIONS	
 
The important results of this paper are summarized as follows: 
 Methods for reducing the surface roughness on a high frequency laminate after copper 
etching have been described, by considering various surface modification techniques -
hydrophobic coating, SU-8 coating and UV curable jettable insulator. In particular, the 
jetting parameters of the UV curable insulator were optimized to obtain a smooth layer 
over the substrate roughness, with an average surface roughness of 0.44 µm obtained. 
 The importance of matching the surface energy of the substrate to the ink is highlighted 
by the use of the UV cured insulator. While this can be achieved with ink modification, 
the authors have shown that this is possible within the parameters of heating the platen, 
which is a more flexible approach.  
 In another aspect of this work, the substrate roughness was also observed to affect the 
printed line width significantly, and a surface roughness factor was introduced in the 
equation of Smith et al.1 to take into account this phenomenon. The surface roughness 
factor is valid for Ra ≤ 1 µm. 
 Lastly, the authors have shown that the contact angle and the substrate surface roughness 
are not sufficient conditions to determine the printed trace width. This is because the 
surface tension arising from the charges on the surface modified substrate is another 
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possible factor which needs to be taken into account, as observed for the corona treated 
SU-8 coat and the UV cured insulator on RO3006.  
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 Table 1. Contact Angle Values Measured for Untreated and Surface Modified RO3006   
 Substrate using water (triply distilled) and Diiodomethane. 
 
 
Surface Treatment Applied 
Measured Contact 
Angle a           
– Water (°) 
Measured Contact 
Angle a            
– Diiodomethane (°) 
Measured Surface 
Energy (mN/m) b 
Untreated RO3006 118.3 90.1 14.6 
Hydrophobic coating 134.1 96.6 9.9 
SU-8 coating 86.8 55.1 31.1 
EMD 6200 coating 92.9 21.0 48.0 
aAveraged contact angle measurements. bSurface energy calculated using the Owens-Wendt-
Rabel-Kaelble method. 
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Table 2. Contact Angle Values Measured for Untreated and Surface Modified RO3006 
Substrate using Silver Inks. 
 
 
Surface Treatment Applied Measured Contact Angle (°)c 
Untreated RO3006d 47 
Hydrophobic coatingd 76 
SU-8 coatingd 41 
EMD 6200 coatinge 50 
cAveraged contact angle measurements. dUsing DGP 40LT-15C ink (Advanced Nano 
Products). eUsing EMD 5603 ink (Sun Chemical).  
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Table 3.  Printing Trials Involving Different Curing Levels and Platen Temperatures. 
 
 
Trial No.f No. of coat(s) g UV cure level h Platen Temperature (ºC) Curing Condition 
1 1 1 25 In-line 
2 1 1 60 In-line 
3 1 2 60 In-line 
4 1 3 60 In-line 
5 2 2 60 In-line 
6 2 1 60 In-line & Off-line i 
7 2 1 60 In-line 
fThe printed area coverage is around 4 x 1 cm in each trial. gColorless coating observed after 
curing.  hThe corresponding cure intensities are provided in Section 3.3. iFor the off-line curing, 3 
rounds of raster curing was used.  
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Table 4. Average Thickness of EMD 6200 Before and After Thermal Curing.  
 
 
 
Platen Temperature 
(ºC) Cure Level 
Average Thickness 
(µm) 
40 1,1 20.3j 
40 1,1 10.4k 
40 1,2 23.6j 
40 1,2 18.0k 
30 1,2 25.3j 
30 1,2 13.0k 
jBefore thermal curing. kAfter thermal curing.  
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Table 5. Comparison Between Predicted and Measured Line Widths on Surface Modified 
Substrates. 
 
Surface 
Modification Ra (µm) 
Measured 
Contact  
Angle (°)l 
Line Width (µm) 
Smith et al. 
[1] 
Eqn. (4) with 
k =1.2 
Measured 
Untreated 0.76 47 57.7 83.3 88.2 
 
Abrasive sheet 
(P1200) 0.80 67 46.0 57.8 54.1 
 
Hydrophobic 
coating 0.93 76 41.5 50.9 48.2 
       
         lAveraged contact angle measurements. 
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Table 6. Static and Advancing Contact Angles for Acetone onto EMD 6200 Coating.  
 
 
Measurement Static Contact Angle (°) Advancing Contact Angle (°)m 
1 26.4 30.1 
2 30.5 28.7 
3 26.7 23.3 
4 27.3 27.0 
5 31.2 32.6 
6 30.4 32.0 
          m3 drops dispensed/measurement for obtaining the advancing contact angles. 
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FIGURE CAPTION LIST 
Figure 1: SEM image of the untreated surface of RO3006 substrate. 
Figure 2: Cross-section of the surface modified RO3006, with the planarization layer. 
Figure 3: Spin-coated SU-8 onto RO3006 substrate (A) After the first coat. (B) After the                      
second coat.     
Figure 4: Surface morphology characterization process. 
Figure 5: (A) Ink de-wetting phenomenon in Trial 1. (B) Improved wetting in Trial 2. (C) Trial 
3 (D) Trial 4.  
Figure 6: (A) Trial 6 – First coat after off-line curing. (B) Trial 6 - Second coat after off-line           
curing. (C) Trial 7 – First coat. (D) Trial 7 – Second coat. 
Figure 7: Effects of platen temperature and UV cure levels on the cured EMD 6200 thickness. 
Figure 8: Coated EMD 6200 with platen temperature set at 30ºC, cure levels 1,1. (A) After first 
coat. (B) After the second coat.  
Figure 9: Error bar plots for the average surface roughness (Ra) for the different types of surface 
modifications. 
Figure 10: (A) Top view of metal trace printed on corona-treated SU-8 coated substrate. (B) 
Trace outlines observed under optical 3D imaging (InfiniteFocus, Alicona Imaging GmbH). 
Figure 11: Diagram showing relationship between surface roughness and printed line width. 
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Figure 12: Test lines printed on (A) Untreated RO3006. (B) Hydrophobic-coated RO3006. (C) 
SU-8 coated RO3006. (D) EMD 6200 coated RO3006.  
Figure 13: (A) Top view of SU-8 layer. (B) Cross-section view of SU-8 layer. 
Figure 14: Top view of EMD 6200 coat. 
Figure 15: Correlation of measured static contact angle against predicted line with, with and 
without factor k. 
Figure 16: Printed drops on (A) EMD 6200 coating. (B) Untreated RO3006 substrate. 
Figure 17: Top view showing initial and final outline of printed trace on EMD 6200 coat. 
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Figure 1. SEM image of the untreated surface of RO3006 substrate. 
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Figure 2. Cross-section of the surface modified RO3006, with the planarization layer. 
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Figure 3. Spin-coated SU-8 onto RO3006 substrate (A) After the first coat. (B) After the second 
coat. 
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                      Figure 4. Surface morphology characterization process 
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Figure 5 (A) Ink de-wetting phenomenon in Trial 1. (B) Improved wetting in Trial 2. (C) Trial 3 
(D) Trial 4. Colorless coats were observed after curing. 
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Figure 6. (A) Trial 6 – First coat after off-line curing. (B) Trial 6 - Second coat after off-line 
curing. (C) Trial 7 – First coat. (D) Trial 7 – Second coat. Colorless coats were observed after 
curing. 
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Figure 7. Effects of platen temperature and UV cure levels on the cured EMD 6200 thickness.
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Figure 8. Coated EMD 6200 with platen temperature set at 30ºC, cure levels 1,1. (A) After first 
coat. (B) After the second coat.  
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Figure 9. Error bar plots for the average surface roughness (Ra) for the different types of surface 
modifications. 
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Figure 10. (A) Top view of metal trace printed on corona-treated SU-8 coated substrate. (B) 
Trace outlines observed under optical 3D imaging (InfiniteFocus, Alicona Imaging GmbH). 
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Figure 11. Diagram showing relationship between surface roughness and printed line width. 
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Figure 12. Test lines printed on (A) Untreated RO3006. (B) Hydrophobic-coated RO3006. (C) 
SU-8 coated RO3006. (D) EMD 6200 coated RO3006.  
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Figure 13. (A) Top view of SU-8 layer. (B) Cross-section view of SU-8 layer. 
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Figure 14. Top view of EMD 6200 coat. 
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Figure 15. Correlation of measured static contact angle against predicted line width, with and 
without factor k.
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Figure 16.  Printed drops on (A) EMD 6200 coating. (B) Untreated RO3006 substrate. 
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Figure 17.  Top view showing the initial and final outline of a printed trace on EMD 6200 coat. 
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